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Background: Steroid sulphatase (STS) is one of the steroid-metabolising enzymes involved in desulphating inactive steroid 
sulphates and oestrogen sulphotransferase (EST) sulphates active oestrogen. The roles of both STS and EST have not been 
examined in oestrogen-dependent non-small-cell lung cancer (NSCLC). 

Methods: We evaluated the immunoreactivity of STS and EST in NSCLC cases using immunohistochemistry. The function of STS 
and EST was further demonstrated using NSCLC cell lines. 

Results: The immunoreactivity of STS and EST was detected in 49.5% and 27.8% of NSCLC cases, respectively. The 
immunoreactivity of STS was significantly higher in female adenocarcinoma cases. The STS-positive NSCLCs were also 
significantly correlated in an inversed manner with tumour size and cell proliferation and tended to be associated with better 
clinical outcome. However, the immunoreactivity of EST was significantly correlated with intracellular oestradiol concentration. 
Results of in vitro analysis demonstrated that oestrone sulphate (E1-S) induced and pregnenolone sulphate (Preg-S) inhibited the 
proliferation in STS-expressing cell lines. The inhibition by Preg-S was reversed by a specific progesterone receptor blocker. 
Simultaneous addition of E1-S and Preg-S significantly suppressed the proliferation. 

Conclusion: In NSCLC patients, STS is considered a good prognostic factor. Results of our present study also indicated the 
benefits of potential progesterone therapy for NSCLC patients. 



Lung cancer is one of the most common types of malignancies in 
the world and its frequency has consistently increased in both men 
and women over the years in many parts of the world (Shibuya 
et al, 2002; Mathers and Loncar, 2006; Pharm et al, 2007). Lung 
cancer is histopathologically classified into small -cell and non- 
small-cell lung carcinoma (NSCLC) and the latter is further 
subclassified into the following three categories; adenocarcinoma, 
squamous cell carcinoma, and large cell carcinoma. Non-small-cell 
lung carcinoma accounts for ~ 80% of all primary lung carcinomas 
and at least some of them have been recently proposed as one of 



oestrogen -dependent human malignancies. Results of previous 
studies demonstrated that female lifetime nonsmokers tended to 
develop NSCLC than male counterparts and some endocrine 
therapies for postmenopausal NSCLC patients resulted in survival 
benefits, although short-term improvement (Zang and Wynder, 
1996). In addition, an increasing number of the reported studies 
demonstrated NSCLC as one of oestrogen-dependent tumours as 
in breast or endometrial malignancies (Schabath et al, 2004; Ganti 
et al, 2006; Niikawa et al, 2008). In postmenopausal breast cancer 
patients, intratumoural production of oestrogens occurs as a result 
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of aromatisation of androgens into oestrogens, which is catalysed 
by the cytochrome P450 aromatase enzyme (Labrie, 1991; Sasano 
et al, 2008). Aromatase inhibitors such as anastrozole, letrozole, 
and exemestane have all been established as the first-line endocrine 
therapy for oestrogen receptor (ER) -positive postmenopausal 
breast carcinoma patients (Nabholtz et al, 2000; Mouridsen et al, 
2001; Paridaens et al, 2008). In NSCLC tissues, Mah et al (2007) 
reported the presence of aromatase using immunohistochemistry 
and aromatase -positive older female patients had a greater survival 
than those who were aromatase negative. In addition, both ER 
blockers and aromatase inhibitors were reported to decrease the 
cell proliferation in NSCLC cells in both in vitro and in vivo studies 
(Kawai et al, 2005; Stabile et al, 2005; Weinberg et al, 2005; 
Dougherty et al, 2006; Koutras et al, 2009). Based upon these 
findings, some of the clinical trials employing oestrogen receptor 
blockers or aromatase inhibitors as endocrine therapeutic agents 
have currently been investigated in the patients with NSCLC. For 
instance, phase II clinical trials of combination therapy of 
epidermal growth factor receptor inhibitor erlotinib (Tarceva) 
with ER blocker fluvestrant (Faslodex) versus erlotinib alone in 
advanced NSCLC patients have been conducted (ClinicalTrials.gov 
Identifier: NCT00 100854 and NCT00592007). In addition, a phase 
II randomised trial of fluvestrant and aromatase inhibitor 
anastrozole (Arimidex) as consolidation therapy in NSCLC 
patients who have received first-line platinum-based chemotherapy 
with or without monoclonal antibody for vascular endothelial 
growth factor Bevacizumab (Avastin) has been recently carried out 
(ClinicalTrials.gov Identifier: NCT00932152). 

Steroid sulphatase (STS) has been recently focussed on as a 
novel therapeutic target of antioestrogen therapy for ER-positive 
breast cancer patients (Stanway et al, 2007; Foster et al, 2008; 
Geisler et al, 2011). The STS desulphates oestrogen (both oestradiol 
and oestrone) sulphates abundantly present in the circulating 
blood. Some investigators did demonstrate that oestrogens present 
in breast carcinoma cells were produced more frequently by STS 
pathway than by aromatase pathway (Tilson-Mallett et al, 1983; 
James et al, 1987). In addition, STS inhibitors have actually been 
demonstrated to be effective for breast cancer cell line MCF-7 
(Selcer et al, 1997). It is also important, however, to note an 
involvement of oestrogen sulphotransferase (EST; SULT1E1), the 
other oestrogen-metabolising enzyme that biologically inactivates 
oestrogens by sulphating them in the activity of STS of particular 
tissues (Schabath et al, 2004). Both STS and EST were reported to 
be present in 74.3% and 51.4% of breast cancer patients, 
respectively (Suzuki et al, 2003). In the breast cancer microenvir- 
onment, both STS and EST have been considered to play important 
roles in the regulation of intratumoural oestrogen production. STS 
inhibitors have been developed as a novel endocrine therapy agent 
for ER-positive postmenopausal breast cancer patients based upon 
the results of these in vitro and in vivo studies above (Foster et al, 
2008; Geisler et al, 2011). It is also known that STS catalyses the 
sulphonation of DHEA, cholesterol, and pregnenolone as well as 
oestrone. In addition, STS is also known to have eight alternatively 
spliced variants of its gene with corresponding tissue -specific 
transcripts (Dalla Valle et al, 2007; Nardi et al, 2009). However, to 
the best of our knowledge, the status of STS and EST expression 
has not been examined in NSCLC tissues, and thus the biological 
significances or characteristics of intratumoural STS and EST have 
remained unclear in lung cancer. 

Therefore, in this study, we first examined the status of STS and 
EST in NSCLC tissues at both mRNA and protein levels using 
quantitative RT-PCR and immunohistochemistry and then 
evaluated the correlation between immunoreactivity and the 
clinicopathological factors of individual cases. In addition, 
oestrogen concentration in NSCLC tissues was also measured in 
order to study whether these intratumoural enzymes are functional 
or not. We further explored the mechanisms of regulation of STS 



gene expression in vitro in STS-transfected NSCLC cell line and 
endogenous STS -expressing cell line. Finally, we analysed the 
presence of splicing variants of STS mRNA, which may be involved 
in STS function in order to further study STS enzymatic activities 
in NSCLC. 



MATERIALS AND METHODS 



NSCLC tissues. A total of 97 NSCLC cases were retrieved from 
the surgical pathology files at the Department of Pathology, 
Tohoku University Hospital (Sendai, Japan) and Ishinomaki Red 
Cross Hospital (Ishinomaki, Japan), respectively. These cases 
examined had all been fixed in 10% formalin and embedded in 
paraffin. The histologic types of these paraffin-embedded NSCLC 
cases were as follows: adenocarcinoma, 82 cases; squamous cell 
carcinoma, 15 cases. Among these cases, 59 cases from Tohoku 
University Hospital that had also been stored as frozen specimens 
were used for mRNA and tissue concentration studies because all 
corresponding frozen tissues in Ishinomaki Red Cross Hospital 
had been defrosted and denatured because of the blackout 
following an earthquake on 11 March 201 land subsequent 
tsunami. The histological types of these cases were as follows: 
adenocarcinoma, 44 cases; squamous cell carcinoma, 15 cases. 
Research protocols for this study were approved by the Ethics 
Committee at Tohoku University School of Medicine (#2008-444) 
and Ishinomaki Red Cross Hospital (#2008.6.30). 

Immunohistochemistry. Immunohistochemistry was conducted 
by streptavidin-biotin method using a Histofme kit (Nichirei Co., 
Ltd, Tokyo, Japan). The lists of primary antibodies used in this 
study and their dilution for immunohistochemistry were as 
follows: anti-mouse monoclonal STS antibody (kindly provided 
by Kyowa Medex Co., Ltd, Tokyo, Japan), 0.37 mg ml -1 ; 
anti-rabbit polyclonal EST antibody (Medical & Biological 
Laboratories Co., Ltd, Nagoya, Japan), 1 : 1500; anti-mouse 
monoclonal aromatase antibody (contributed by Dr Evans DB, 
Novartis, Basel, Switzerland), 1 : 3000; and anti-mouse monoclonal 
Ki67 antibody (DAKO Cytomation, Carpinteria, CA, USA), 1 : 100. 
The slides were treated with a microwave (500 W for 15min) and 
an autoclave (121 °C for 5min) in citrate buffer (pH 6.0), 
respectively, for antigen retrieval for ER and Ki67 immunostaining. 
No treatment for antigen retrieval was performed in the staining of 
STS and aromatase. Immunoreactivities for STS, EST, and 
aromatase were detected in the cytoplasm of carcinoma cells, 
and cases that had > 10% positive cells were considered as positive 
according to the results of previous published study (Suzuki et al, 
2003; Abe et al, 2010). The Ki67 immunoreactivity was evaluated 
by counting more than 1000 carcinoma cells in hot spots and the 
percentage of immunoreactivity (labelling index (LI)) was 
subsequently obtained. Results of immunohistochemistry were 
independently evaluated by two of the authors (HK and KA). 

Cell culture and reagents. The cell lines used in this study were as 
follows: human male lung adenocarcinoma, A549 and NCI-H23, 
which were obtained from American Type Culture Collection 
(ATCC, Manassas, VA, USA), LK87 (Cell Resource Center for 
Biomedical Research, Tohoku University, Sendai, Japan) and PC9 
(Immuno-Biological Laboratories Co. (IBL), Ltd, Gunma, Japan); 
human female lung adenocarcinoma, NCI-H1975 (ATCC) and 
PC3 (Cell Resource Center for Biomedical Research), which is 
different from PC-3 prostate cancer cell line (ATCC, CRL-1435; 
Yamashita et al, 1996; Imai et al, 2004; Ishibashi et al, 2005b); 
human squamous cell lung carcinoma, LK2 (Cell Resource Center 
for Biomedical Research) and RERF-LC-AI (RIKEN Bio Resource 
Center, Tsukuba, Japan); and human breast carcinoma, T47D 
(ATCC). The cell lines obtained from ATCC and IBL were all 
obtained in 2010-2012 and authenticated by them. The other cell 



1416 



www.bjcancer.com | DOI:1 0.1 038/bjc.201 3.84 



STS and EST in NSCLC 



BRITISH JOURNAL OF CANCER 



lines were previously used as reported by our group (Miki et al, 
2010). All the cell lines examined were cultured in RPMI-1640 
medium (Sigma- Aldrich Co., St Louis, MO, USA) containing 10% 
fetal bovine serum (FBS; Nichirei Co., Ltd) and maintained at 
37 °C, 95% relative humidity, and 5% C0 2 . Mifepristone and 
pregnenolone sulphate were obtained from Sigma-Aldrich Co. 
Oestrone sulphate and ICI 182780 were purchased from Wako 
Pure Chemical Industries Ltd (Osaka, Japan). 

Stable transfection. The stable transfection of a vector containing 
STS cDNA was performed using Lipofectamine LTX (Invitrogen, 
Gaithersburg, MD, USA) according to the manufacturer's protocol 
in order to generate the cell lines with stable expression of STS 
from LK87 cells. The following vectors were kindly provided by 
ASKA Pharma Medical Co., Ltd (Kawasaki, Japan): pIRESneo2/ 
hSTS, containing STS gene sequences; pIRESneo2, control vector. 
When LK87 cells were incubated in an ~ 60% confluence and the 
mixture of the vectors and Lipofectamine LTX were added into 
LK87 cells. Following incubation for 24 h, the corresponding clones 
were selected in the medium containing G418 (Sigma-Aldrich Co.) 
for 2 weeks. The LK87 cells transfected with STS gene vector 
(indicated as LK87-STS) or control vector (LK87 Ctrl) were 
generated through these processes above. 

Real-time quantitative RT-PCR. Total RNA was extracted from 
frozen tissues of 59 cases and NSCLC cell lines using Trizol reagent 
(Invitrogen). Frozen tissues were cut into pieces and homogenised 
with PT-2100 Polytron homogeniser (Kinematica, Inc, Luzem, 
Switzerland). Reverse-transcriptional reaction was performed using 
Quantitect Reverse Transcription kit (QIAGEN GmbH, Hilden, 
Germany) in order to synthesise cDNA from total RNA. 
Quantitative RT-PCR was carried out using the LightCycler 
System (Roche Diagnostics GmbH, Mannheim, Germany) and the 
FastStart DNA Master SYBR Green I with software version 3.5.3 
(Roche Diagnostics GmbH). 

Analysis of splicing variants of STS mRNA was evaluated using 
quantitative RT-PCR (Hot Star Taq Plus PCR; QIAGEN GmbH) 
and electrophoresis. Five types of splicing variants (i.e., 0a, 0b, 0c, 
la, and lc) were analysed in this study. Tissues of placenta and 
thyroid and a breast cancer cell line MCF-7 were used as a positive 
control. The primers were synthesised by Nihon Gene Research 
Laboratories Inc. (Sendai, Japan). As an internal control, RPL13A 
mRNA was used. The expression rate of these genes was calculated 
and evaluated as the percentage compared with that of the internal 
control. The sequences of the primers used in this study are 
summarised in Supplementary Tables 1 and 2. 

Liquid chromatography/electrospray tandem mass spectrometry. 

Tissue concentrations of oestrogen (oestrone and oestradiol) in 59 
NSCLC tissues and progesterone (progesterone and pregnenolone) 
in 10 cases were measured using liquid chromatography-mass 
spectrometry/mass spectrometry (LC-MS/MS) analysis (ASKA 
Pharma Medical Co., Ltd). These concentrations were adjusted 
for tissue weight. 

Regarding NSCLC cell lines, cells were cultivated in charcoal 
medium for 3 days and seeded into six-well plate at a density of 
200 000 cells per well. Following 24 h of incubation, the cells were 
treated with 300pgml _1 of oestrone sulphate for 24 h (n = 1) or 
10 jiM of pregnenolone sulphate for 72 h (n = 3) and the 
concentrations of the desulphated and synthesised products from 
them (oestrone from oestrone sulphate; pregnenolone and 
progesterone from pregnenolone sulphate) in the medium were 
evaluated by LC-MS/MS. The number of the cells was measured 
using cell counter (Sysmex CD A- 500, Sysmex Corporation, Kobe, 
Japan) and the concentrations were adjusted for the cell numbers. 

Proliferation assay. Proliferation assay was performed under both 
anchorage- dependent and -independent conditions. Cells were 
cultivated in charcoal medium for 3 days and seeded into 96 -well 



plates under both normal adhesion condition (Asahi Glass Co., Inc, 
Tokyo, Japan) and low adhesion condition (EZ-BindShut Micro- 
plate; Asahi Glass Co., Inc.) at a density of 2000 (LK87-STS) and 
5000 (NCI-H1975) cells per well, respectively. The cells were 
treated with steroids, its sulphates, or inhibitors for 24, 48, and 72 h 
in an anchorage-dependent condition or 1, 3, 5, and 7 days in an 
anchorage-independent condition and both assays were evaluated 
using WST-8 Cell Counting Kit-8 (Dojindo Laboratories, Kuma- 
moto, Japan). The status of the cell number was evaluated as 
follows: (the average absorbance of treated cells/the average 
absorbance of control cells) x 100 (%). 

Immunoblotting analysis. Total protein was extracted from the 
cell lines using Mammalian Protein Extraction Reagent (Pierce 
Biotechnology, Rockford, IL, USA) containing Halt Protease 
Inhibitor Cocktail (Pierce Biotechnology). After measuring the 
concentrations of the protein (Protein Assay Kit Wako: Wako Pure 
Chemical Industries, Ltd), total protein was individually subjected 
to SDS-PAGE (SuperSep Ace: Wako Pure Chemical Industries, 
Ltd). Proteins were then transferred onto Hybond P polyvinylidene 
difluoride membrane (GE Healthcare, Buckinghamshire, UK). The 
blots were then blocked in 5% non-fat dry skim milk powder 
(Wako Pure Chemical Industries Ltd) for 1 h at room temperature, 
and were then incubated with the primary antibodies overnight at 
4°C using Can Get Signal R Solution (Toyobo Biochemicals, 
Osaka, Japan). The dilutions of primary antibodies used in this 
study were summarised as follows: STS, 1 : 5000; EST, 1 : 500; ERa 
(Novocastra, Newcastle, UK), 1 : 500; ER/? (GeneTex, San Antonio, 
TX, USA), 1 :200; PR (Chemicon, Temecula, CA, USA), 1 : 1000; 
/?-actin (Sigma-Aldrich Co.), 1 : 1000. These antibody-protein 
complexes on the blots were detected using ECL-plus Western 
blotting detection reagents (GE Healthcare) following incubation 
with anti-mouse IgG horseradish peroxidase (GE Healthcare) for 
60min at room temperature. The corresponding protein bands 
were subsequently visualised and analysed with LAS- 1000 cooled 
CCD -camera chemiluminescent image analyser and Multi Gauge 
v3.1 software (both from Fuji Photo Film Co. Ltd, Tokyo, Japan), 
respectively. 

Statistical analysis. Statistical analyses were evaluated using 
Student's /-test, Wilcoxon signed-rank test, Mann-Whitney 
[/-test, x 2 t est > and one-way ANOVA. Overall survival curve was 
generated according to the Kaplan-Meier method and statistical 
significance was calculated using the log- rank test. All statistical 
analyses were carried out using Stat View 5.0 J software (SAS 
Institute Inc., Cary, NC, USA). Statistical significance was defined 
as P<0.05 in this study. 



RESULTS 



Expression of STS and EST at mRNA and protein levels in 
NSCLC tissues. The immunoreactivity of STS and EST was 
detected in the cytoplasm of carcinoma cells in 48 (49.5%; 
Figure 1A) and 27 (27.8%; Figure IB) of 97 NSCLC cases 
examined, respectively. The immunoreactivity of STS was not 
detected in morphologically normal lung tissues including 
bronchial epithelial cells and alveolar cells (data not shown), but 
EST immunoreactivity was weakly detected in bronchial epithelial 
cells (data not shown). 

The STS mRNA was widely detected in both tumour and 
nontumour sites examined in this study (Supplementary 
Figure 1A). However, EST mRNA was detected in tumour sites 
in only 6 out of 59 NSCLC cases examined (Supplementary 
Figure IB). Both STS and EST mRNA expression levels demon- 
strated no statistical significant differences between those in 
tumour and normal sites (data not shown). Its immunoreactivity 
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Figure 1. (A and B) Representative illustrations of immunohistochemistry of STS (A) and EST (B) in NSCLC tissues. Original magnification x 100. 
(C-F) Summary of overall survival analysis in 59 NSCLC cases or 44 lung adenocarcinoma cases according to the status of intratumoural STS 
(C and D) and EST (E and F). Positive cases are indicated by solid lines and negative cases by dashed lines. Survival curves were obtained using 
Kaplan-Meier method and P-values were evaluated using log-rank test. 



and mRNA expression levels were significantly correlated in EST 
(P = 0.020), but not in STS (P = 0.69; Supplementary Figure 2). 

The immunoreactivity of STS was significantly more frequently 
detected in female and adenocarcinoma cases (P = 0.0034 and 
0.0009, respectively), and was inversely associated with tumour size 
and Ki67 LI of carcinoma cells (P = 0.013 and 0.016, respectively; 
Table 1). The immunoreactivity of STS and EST tended to be 
coexpressed in NSCLC cases examined (P = 0.060; Table 1). The 
status of EST immunoreactivity also tended to be associated with 
the cell proliferation of tumour cells (P = 0.083), but no significant 
association was detected with any other clinicopathological 
parameters of the cases examined (Table 2). Aromatase expression 
was not correlated with both STS (P = 0.99; Table 1) and EST 
(P = 0.52; Table 2). 

The status of STS immunoreactivity tended to be associated 
with better clinical outcome in 59 NSCLC cases (P = 0.46, 
Figure 1C), especially in 44 lung adenocarcinoma cases 
(P = 0.051, Figure ID), but this tendency did not reach statistical 
significance. The EST-positive cases also tended to be associated 
with poorer overall survival (P = 0.18, 59 cases; P = 0.17, 44 lung 
adenocarcinoma cases; Figure IE and F). 

Correlation between the status of STS and EST and 
intratumoural oestrogen concentrations. In 59 NSCLC cases, 
the correlation between STS-immunopositive cases and intratu- 
moural oestrogen (oestrone and oestradiol) concentration was not 



statistically significant (P = 0.70 and 0.46, respectively; Figure 2A 
and C). However, intratumoural oestradiol but not oestrone 
concentration was significantly higher in EST-immunopositive 
cases (P = 0.014 and 0.23, respectively; Figure 2B and D). 

Expression and function of STS and EST in NSCLC cell 
lines. Steroid sulphatase was detected in all NSCLC cell lines 
examined in this study at mRNA levels (Figure 3A). In most of the 
cell lines examined, EST mRNA was expressed at markedly low 
levels, but was detected in LK87, PC3, and NCI-H1975 (Figure 3B). 
The PR mRNA expression in LK87 and NCI-H1975 was higher 
than other NSCLC cell lines examined in this study and not 
detected in PC3 (Figure 3C). Both STS and EST were detected in 
the above three cell lines at both mRNA and protein levels 
(Figure 3A, B, and D). Among these cell lines examined, LK87 and 
NCI-H1975 expressed both ER£ and PR but not PC3, as 
demonstrated at mRNA levels (Figure 3D), although at relatively 
low levels compared with those of breast cancer cell line T47D. The 
ERa protein was not detected in these NSCLC cell lines 
(Figure 3D). Relatively high level of STS expression at protein 
levels was detected in LK87-STS cells compared with LK87 Ctrl 
(Figure 3E). 

We measured the oestrone concentrations in culture medium 
following an administration of oestrone sulphates in LK87 Ctrl, 
LK87-STS, PC3, and NCI-H1975, and its concentrations were 
evaluated in all the cell lines examined (Supplementary Figure 3). 
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Table 1. Association between STS status and the clinicopathological 
factors in 97 NSCLC cases 



STS status 




- (n = 49) 


+ (n = 48) 


P- value 


Patient age 






0.12 (0.36) a 


70.0 (43-85) y 


69.0 (50-81) 


71.5 (43-85) 




Gender 






0.003 


Men 


24 


9 




Women 


25 


39 




Tumour size 






0.013 (0.01) 


2.5 (0.9-6.5) cm 


3.0 (0.9-6.5) 


2.3 (1 .0-5.0) 




Histologic type 






0.0009 


Adenocarcinoma 
Squamous cell 
carcinoma 


35 
14 


47 
1 




EST 






0.06 


Negative 
Positive 


40 
9 


30 
18 




Aromatase (n = 59) 






0.99 


Negative 
Positive 


2 

19 


5 

33 




Ki67 LI 






0.016 
(0.009) a 


12.6 (0-54.4) % 


18.6 (1.0-54.4) 


8.6 (0-43.9) 




Abbreviations: EST = oestrogen sulphotransferase; LI = labelling index; NSCLC = 
non-small-cell lung cancer; STS = steroid sulphatase; y = year. P-values of <0.05 were 
taken as statistically significant. 

a P-values when analysed by one-way analysis of variance (ANOVA). 



The highest activity of STS was in LK87-STS among these four cell 
lines examined, with LK87 Ctrl higher than NCI-H1975 
(Supplementary Figure 3). 

Effects of the sulphated sex steroids on NSCLC cell lines. We 

measured the concentrations of both pregnenolone and progester- 
one in cultured medium following the addition of the sulphated 
form of pregnenolone in LK87 Ctrl and LK87-STS. Concentrations 
of both these steroids were significantly increased in LK87-STS 
compared with LK87 Ctrl (Figure 4A and B). Results of 
proliferation assay following an addition of oestrone sulphate in 
LK87-STS indicated that oestrone sulphates significantly induced 
the cell proliferation in a concentration-dependent manner 
(Figure 4C). Pregnenolone sulphates significantly inhibited the 
cell proliferation and mifepristone reversed the inhibition 
(Figure 4D). When the sulphated forms of both oestrone and 
pregnenolone were simultaneously administered at the final 
concentration of 1, 10, and 100 nM, the significant decrement of 
the cell number was noted in all these conditions in LK87-STS cells 
(Figure 4E). 

In both PC3 and NCI-H1975 cells, concentrations of pregne- 
nolone and progesterone in culture medium following an addition 
of pregnenolone sulphates were detected at a relatively low level 
compared with LK87-STS (Figure 5 A and B). However, the cell 
proliferation in NCI-H1975 was increased by an addition of 
oestrone sulphate and also decreased by that of pregnenolone 
sulphate (Figure 5C and D). In addition, the inhibition by 
pregnenolone sulphate above was reversed by mifepristone 
(Figure 5D). Simultaneous addition of the sulphated forms of 



Table 2. Association between EST status and the clinicopathological 
factors in 97 NSCLC cases 



EST status 




- (n = 70) 


+ (n = 27) 


P- value 


Patient age 






0.92 (0.85) a 


70.0 (43-85) y 


70.5 (43-85) 


69.0 (45-81) 




Gender 






0.42 


Men 
Women 


26 
44 


7 

20 




Tumour size 






0.55 (0.62) 


2.5 (0.9-6.5) cm 


2.5 (0.9-6.5) 


2.4 (1 .0-6.0) 




Histologic type 






0.09 


Adenocarcinoma 
Squamous cell 
carcinoma 


56 
14 


26 
1 




Aromatase (n = 59) 






0.52 


Negative 
Positive 


2 
6 


5 

46 




Ki67 LI 






0.08 (0.1 0) a 


12.6 (0-54.4) % 


9.9 (0-54.4) 


18.6 (1.5-46.2) 




Abbreviations: EST = oestrogen sulphotransferase; LI = labelling index; NSCLC = non- 
small-cell lung cancer; y = year. 

a P-values when analysed by one-way analysis of variance (ANOVA). 



oestrone and pregnenolone significantly inhibited the growth of 
NCI-H1975 in the same condition as in LK87-STS (Figure 5E). 

Progesterone concentrations in lung adenocarcinoma tissues. 

We further analysed the concentration of progesterone and 
evaluated the correlation of tissue progesterone concentration 
with STS/EST expression in 10 lung adenocarcinoma cases. The 
higher concentration of tissue progesterone was detected in STS- 
positive cases and lower in EST-positive patients, but the 
correlation did not reach statistical significances (P = 0.73 and 
0.14, respectively; Supplementary Figure 4). In addition, PR was 
expressed in only 1 out of the 10 cases examined and STS mRNA 
was not detected in this particular case. 

Analysis of splicing variants of STS in NSCLC. We analysed the 
status of the splicing variants of STS mRNA (i.e., exons 0a, 0b, 0c, 
la, and lb) in both NSCLC tissues and cell lines. Exons 0a, 0b, and 
lc were detected in both tumour and adjacent nonpathological 
lung tissues of NSCLC tissues, but exons 0c and la of STS mRNA 
were detected only in tumour tissues (Supplementary Table 3 and 
Supplementary Figure 5). Exon la STS mRNA was detected in 2 of 
the 10 NSCLC tissues but not in the 2 NSCLC cell lines. 



DISCUSSION 



In breast cancer tissues, STS immunoreactivity was correlated with 
tumour size, and was significantly associated with an increased risk 
of recurrence and an adverse clinical outcome (Suzuki et al 2003). 
However, STS -positive NSCLC patients had a smaller tumour size 
and lower tumour cell proliferation as evaluated by ¥1-67 index. In 
addition, a better overall survival of the patients tended to be 
associated with the presence of intratumoural STS expression in 
NSCLC, especially in lung adenocarcinoma patients. Steroid 
sulphatase is known as a poor prognostic marker for breast cancer 
patients and its targeted agents have been currently developed 
(Stanway et al 2007; Foster et al 2008; Geisler et al 2011). Steroid 
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Figure 2. Correlation between the results of immunohistochemistry and oestrogen concentrations. Oestrone and estradiol concentrations 

in 59 NSCLC tissues were measured by LC-MS/MS and evaluated according to the status of intratumoural STS mRNA (oestrone, A; oestradiol, 

C) and EST mRNA expression (oestrone, B; oestradiol, D). Statistical significances were analysed by Mann-Whitney U-test and defined as P<0.05. 
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Figure 3. The status of STS, EST, and hormone receptors in NSCLC cell lines. Summary of the basal expression of STS (A), EST (B), and PR (C) at 
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T47D was used as a positive control for ERa, ER/?, and PR. (E) Summary of STS expression at protein levels in LK87 transfected with a control vector 
(LK87 Ctrl) and the vector containing STS gene (LK87-STS). 



sulphatase in breast cancer desulphates oestrone sulphate and 
produces biologically active oestrogen, oestradiol, resulting in 
higher cell proliferation by binding to ERa and eventually in 
adverse clinical outcome (Suzuki et al, 2003). Intratumoural 
expression of STS has also been reported in several types of 
tumours such as endometrial carcinoma (Utsunomiya et al, 2004), 
thymoma (Ishibashi et al 2005a), and colon carcinoma (Sato et al 
2009). All these above reports indicated that intratumoural 
oestrogen, oestradiol, and/or oestrone are elevated through STS 
enzymatic activity and are related to tumour progression. In 
NSCLC tissues, providing that intratumoural oestrogen was 



increased by STS as demonstrated in other tumours above, it is 
reasonably postulated that intratumoural STS could be positively 
correlated with tumour cell proliferation status. However, in our 
present study, an inverse correlation was detected between STS 
immunoreactivity and the cell proliferation markers. In addition, 
the status of intratumoural STS immunoreactivity was not 
significantly correlated with intratumoural oestrone and oestradiol 
concentrations in NSCLC tissues examined. Therefore, based upon 
the above findings, we hypothesised that the possible biological 
roles of intratumoural STS in NSCLC, which were clearly different 
from those in other malignancies, may be due to the intratumoural 
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status of EST, which has the opposite enzymatic activity to STS, or 
the other steroids desulphated by STS, and proceeded with further 
analysis in order to explore this hypothesis. 

As demonstrated in human breast cancer patients, EST also 
plays pivotal roles in intratumoural oestrogen metabolism/ 
production (Suzuki et al, 2003). In our present study, EST 



immunoreactivity was detected in approximately one-third of all 
NSCLC cases examined and tended to be correlated with higher 
cellular proliferation of tumour cells. In addition, oestradiol 
concentration was significantly higher in EST-positive cases 
examined. Oestrogen sulphotransferase in breast carcinoma cells 
was reported to sulphate oestrogens, which subsequently results in 
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decrement of biologically active oestrogens in tumour tissue 
microenvironment, resulting in lower proliferation of tumour cells 
(Suzuki et al, 2003). However, the correlations between the status 
of intratumoural EST and oestradiol concentrations in NSCLC 
cells were rather opposite to those in breast cancer tissues in our 
study. We previously demonstrated the significant positive 
correlation between aromatase mRNA expression and intratu- 
moural oestradiol concentration in NSCLC (Niikawa et al, 2008), 
suggesting that aromatase may increase oestradiol concentrations 
and higher proliferation of tumour cells in NSCLC carcinoma cells, 
which is more important than intratumoural EST in this type of 
cancer. In addition, it is also true that only 8 out of 59 cases 
examined were immunohistochemically positive for EST, and that 
EST mRNA could not be detected in the great majority of the cases. 
It awaits further investigations for clarification of the significance 
of intratumoural EST in human NSCLC. 

Steroid sulphatase catalyses the sulphonation of DHEA, 
cholesterol, and pregnenolone as well as oestrone (Figure 6). In 
human leukocyte, an affinity of STS for pregnenolone sulphate was 
relatively higher than the sulphated forms of DHEA and oestrone 
(Hirato et al, 1991). Pregnenolone is well known to be synthesised 
from cholesterol by P450scc and StAR, and to be subsequently 
converted into DHEA by CYP17 or progesterone by 
3/?-hydroxysteroid dehydrogenase (3/?-HSD). We previously 
reported that a significantly high concentration of progesterone 
was detected in NSCLC cases expressing progesterone-producing 
enzymes such as StAR, P450scc, and 3/?-HSD, and the treatment of 
cholesterol increased progesterone concentration in NSCLC cell 
lines (Ishibashi et al, 2005b). In addition, PR-positive NSCLC cases 
were significantly associated with a better overall survival and 
progesterone did inhibit cell proliferation in PR-expressing NSCLC 
cell lines (Ishibashi et al, 2005b). Therefore, we hypothesised that 
progesterone may be synthesised from pregnenolone sulphates by 
STS and 3/?-HSD in NSCLC tissues and result in an overall better 
clinical outcome of the patients. 

In our present study, we first evaluated STS and EST expression 
at both mRNA and protein levels in all the cell lines evaluated in 
order to select appropriate NSCLC cell lines. The STS expression 
was widely detected in NSCLC cell lines examined in this study but 
EST was below the level of detection limits. In addition, the 
expression level of STS was higher in PC3 and NCI-H1975 derived 
from female adenocarcinoma than those from male adenocarci- 
noma and squamous cell carcinoma. The cell lines LK87, PC3, and 
NCI-H1975 all expressed both STS and EST, but the amounts of 
ERa, ER/?, and PR expression in PC3 were much smaller than in 
the other cell lines. Therefore, based upon these results, we selected 
LK87-STS to evaluate the activity of stably expressing STS by 
vector transfection, and NCI-H1975 to analyse the function of 
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Figure 6. Simple diagram of the metabolism of oestrogen and 
progesterone. ER, oestrogen receptor; EST, oestrogen 
sulphotransferase; HSD, hydroxy steroid dehydrogenase; PR, 
progesterone receptor; STS, steroid sulphatase. 



endogenous STS. The STS activity of parental LK87 or the cell 
without transfection was higher than that of NCI-H1975 when 
oestrone concentration was measured after addition of its sulphate 
(Supplementary Figure 3). 

We then demonstrated that both progesterone and pregneno- 
lone concentrations were detected when pregnenolone sulphates 
were administered to both LK87-STS and NCI-H1975, suggesting 
that pregnenolone sulphates were desulphated by STS and then 
immediately converted into progesterone by 3/? -HSD, which was 
also demonstrated to be associated with intratumoural progester- 
one concentration in NSCLC tissues in our previous study 
(Ishibashi et al, 2005b). Therefore, progesterone converted from 
pregnenolone sulphates through STS and 3/?-HSD was considered 
to promote the antiproliferative actions mediated by PR in both 
cells, and this suppressive effects was indeed recovered by an 
administration of mifepristone, a PR blocker, in our present study. 
The serum level of oestrone sulphate is usually approximately the 
level of 3.8 nM (premenopausal women at early follicular phase), 
6.3 nM (premenopausal women at late follicular phase), 1.1 nM 
(postmenopausal women), and 2.1 nM (adult men) (Adly et al, 
2006; Greenlee et al, 2007). However, the serum concentrations of 
pregnenolone sulphate are usually the same between male and 
female subjects. Its concentration reaches a peak at ~ 30 years of 
age and subsequently decreases throughout the ages up to 
~100nM after 60 years (Tagawa et al, 2000; Havlikova et al, 
2002). Therefore, we then added the sulphated forms of oestrone 
and pregnenolone simultaneously administered at ~ 10 nM as their 
standard concentrations in order to evaluate which sulphated 
forms play more important roles in NSCLC. Oestrone sulphates 
did increase the cell proliferation but significant reduction of the 
cell number was detected even in the condition containing a higher 
concentration of oestrone sulphates than that of pregnenolone 
sulphates. The progesterone treatment also decreased STS expres- 
sion at mRNA levels in LK87 and NCI-H1975 but oestradiol did 
not (data not shown), suggesting that the sensitivity to progester- 
one may be higher than that to oestrogen in NSCLC cells. This may 
be also caused by an oestrogen-induced PR expression, because PR 
gene is well known to have oestrogen-response element and to be 
controlled by oestrogen (Thi et al, 1975; Nardulli et al, 1988; 
Wei et al, 1988). Oestrone sulphate cannot bind to ER at all and 
therefore fails to stimulate any oestrogen-induced biological 
responses. Oestrone sulphates were reported to be desulphated 
and converted to oestradiol (Vignon et al, 1980; Maclndoe et al, 
1988) that subsequently induced PR expression at mRNA levels in 
human breast carcinoma cell line MCF-7 (Pasqualini et al, 1986). 
Therefore, the proliferation may be induced by oestrogen but 
progesterone further inhibited the growth in NSCLC through 
oestrogen-induced PR in carcinoma cells, which may account for a 
better clinical outcome in STS-positive NSCLC cases examined in 
our study, but it awaits further investigations, such as studying the 
larger number of the patients for PR and STS expression, for 
clarification. 

The presence of a variety of splicing variants of STS mRNA, 
which have the transcription start points in untranslated region, 
has been evaluated mostly in breast carcinoma cells (Dalla Valle 
et al, 2007; Nardi et al, 2009). Eight types of splicing variants of 
STS mRNA (i.e., Oa-c and la-e) have so far been reported in the 
literature and their expression patterns have also been reported to 
influence STS activity and expression (Dalla Valle et al, 2007; Nardi 
et al, 2009). Among these splicing variants of STS mRNA, exon Id 
was expressed in a rather restricted number of tissues and at low 
expression levels, but exon lb was expressed throughout the body 
(Dalla Valle et al, 2007). Therefore, in our present study, we 
evaluated five exons, Oa-c, la, and lc, in NSCLC tissues and cell 
lines. We demonstrated that 0c and la STS mRNA were detected 
only in tumour but not in nonpathological areas of NSCLC tissues 
examined. Results of our present study also revealed that all five 
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patterns of STS exons were detected in lung cancer tissues 
examined. Three splicing variants of STS mRNA, Oc, la, and lc, 
were below the detection levels in nontumour tissues of lung 
cancer tissues in our present study. Nardi et al (2009) demon- 
strated the expression of la STS mRNA in one case of lung cancer, 
and its corresponding nontumour tissues and higher expression 
level of exon la was detected in tumour tissues. These results as 
well as those of our present study suggested that the switching of 
STS promoter usage may be related to malignant transformation in 
human lung. In addition, exon la may also play an important role 
in STS enzymatic activity in lung cancer as reported in placenta 
and breast cancer (Dalla Valle et al, 2007; Nardi et al, 2009). 

The results of epidemiological studies demonstrated that the 
combined treatment of oestrogen and progesterone increased both 
the incidence and mortality of female postmenopausal lung cancer 
patients (Chlebowski et al, 2009). On the other hand, the above 
effects were not detected in the groups of postmenopausal women 
taking only oestrogen (Chlebowski et al, 2010). However, it is also 
important to note that in both reported studies, the status of ER/? 
and PR in the lung carcinoma cells was not studied. Therefore, it is 
reasonably postulated that the presence of these receptors could 
have influenced the different clinical outcome of the patients, 
especially those receiving both oestrogen and progesterone. In 
addition, the microenvironment of cancer including the 
carcinoma-stromal interactions is considered to play pivotal roles 
in the progression of human malignancies, but the potential roles 
of progesterone in tumour microenvironment have not been 
necessarily well characterised. Therefore, an involvement of both 
oestrogen and progesterone receptors may be required to stimulate 
the lung cancer growth, but it awaits further investigations for 
clarification. 

There have been more controversies as to the actions of 
progesterone compared with those of oestrogen in lung cancer. For 
instance, Check et al (2010) reported that PR blocker mifepristone 
demonstrated antitumour activities in mouse models of lung 
cancer. However, in our present study, mifepristone restored the 
inhibition of cell proliferation as a result of pregnenolone sulphate 
administration. In addition, Stabile et al (2011) also reported that 
human lung cancer patients with relatively high ER/?/low PR status 
were associated with poorer prognosis, which is not necessarily 
consistent with the results of our present study. One of the reasons 
for this discrepancy is the possible influence of tumour 
microenvironment such as stromal cells and other extracellular 
factors on the results because the results of the above-mentioned 
studies had all been obtained from these in vivo models. We 
previously demonstrated that cytokines derived from the stromal 
cells of human lung cancer tissues induced aromatase expression in 
lung carcinoma cells (Miki et al, 2010). Therefore, it is reasonably 
postulated that cytokines or other factors derived from carcinoma- 
stromal interactions may influence the overall balance and/or 
effects of oestrogen and/or progesterone in human lung 
cancer. Therefore, further studies are required to clarify the roles 
of STS and EST with relation to microenvironment of human 
lung cancer. 

In breast cancer, STS is a poorer prognostic factor and its 
targeted drugs have been currently developed as a novel 
antioestrogen therapy (Geisler et al, 2011). Many studies have 
indicated that lung cancer is an oestrogen- dependent cancer as well 
as breast cancer (Schabath et al, 2004; Ganti et al, 2006; Niikawa 
et al, 2008). We also demonstrated that intratumoural progester- 
one was considered to be increased through the intratumoural STS 
activity and contributes to suppression of cancer growth. However, 
studies regarding the possible roles of nuclear receptor signalling in 
the lung and its diseases have not been well studied compared with 
those in breast cancer. Therefore, further studies including those of 
intratumoural progesterone signalling may provide new insights 
into the potential roles of STS inhibitors. 
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